Introduction
There is great demand for thin functional coatings in the semiconductor, optics, electronics, medical, automotive and aerospace industries [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . As fabricated components become smaller and more complex, the properties of the materials' surface take on greater importance. Thin coatings play a key role in tailoring surfaces to give them the desired hardness, wear resistance, chemical inertness, and electrical characteristics.
Diamond-like carbon (DLC) coatings possess an array of desirable properties, including outstanding abrasion and wear resistance, chemical inertness, hardness, a low coefficient of friction and exceptionally high dielectric strength [14] [15] [16] [17] [18] [19] [20] [21] [22] . Diamond-like carbon is considered to be an amorphous material, containing a mixture of sp 2 and sp 3 bonded carbon. Based on the percentage of sp 3 carbon and the hydrogen content, four different types of DLC coatings have been identified: tetrahedral carbon (ta-C), hydrogenated amorphous carbon (a-C:H) hard, a-C:H soft, and hydrogenated tetrahedral carbon (ta-C:H) [20, 24, 25] . Possessing the highest hardness of 80 GPa, ta-C possesses an sp 3 carbon content of 80 to 88u%, and no appreciable hydrogen content whereas a-C:H soft possesses a hardness of less than 10 GPa, contains an sp 3 In this report, we investigate the deposition of diamond-like carbon films using a low temperature, atmospheric pressure plasma-enhanced chemical vapor deposition (PECVD) process. The films were characterized by solid-state carbon-13 nuclear magnetic resonance ( 13 C NMR) and found to have a ratio of sp 2 to sp 3 carbon of 43 to 57%. The films were also tested for adhesion, coefficient of friction, and dielectric strength.
Experimental Methods
A schematic of the plasma deposition system is shown in Figure 3 and 25 min. After this period, acetylene and hydrogen flows, RF power and heater were turned off. Next, the chamber was evacuated to 50 Torr and backfilled with helium.
Once atmospheric pressure was reached inside the chamber, the glass viewport was removed and the substrate was retrieved. Lastly, the helium flow was halted.
For mechanical testing, the silicon and stainless steel substrate were cleaned with an oxygen plasma prior to DLC deposition. The oxygen plasma was formed at an RF power of 250 W with 30.0 L/min of helium and 0.3 L/min of O 2 .
The carbon films were analyzed for nuclear magnetic resonance (NMR) data with a Bruker DSX 300 solid-state NMR spectrometer with operating frequencies of 300.13
MHz and 75.14 MHz for 1 H and 13 C, respectively. Thickness measurements of the diamond-like carbon films on the silicon wafers were obtained using a Dektak 7 profilometer. To obtain a step height measurement, the samples were masked and then mechanically scratched. This data also lead to the determination of the deposition rate. These measurements could not be made with sufficient accuracy on the stainless steel coupons due to their high surface roughness.
The adhesion of the DLC coatings to the stainless steel and Si wafer was determined using a stud pull test [64] . The test device was a Romulus III from Quad Group Inc. A metal stud, 0.1" diameter, was affixed to the coating surface using epoxy glue. The stud was then pulled perpendicular to the substrate at a rate of 6 lb/s.
Adhesive strength is defined as the amount of pressure required to remove the stud from the substrate. After the pull test, the fractured surface was examined by scanning electron microscopy (SEM) using a Leo 1455VP. No conducting coating was applied.
All images were obtained at 25x with an accelerating voltage of 25 kV and a working distance of 8 mm. Quad-backscattering detection was employed.
Pin on disk testing, per ASTM G99, was performed to obtain the coefficient of friction. A 3.75 mm radius wear track was created at a speed of 2.8 cm/s. Coefficient of friction values were calculated by dividing the normal load (1.0 N) by the force obtained after 100 cycles.
Several attempts were made to obtain the dielectric strength and breakdown voltage of the coatings. These measurements were performed on a HyPot III 3665 tester from Associated Research as outlined by ASTM D3755. However, these results were inconsistent, yielding dielectric strengths that ranged from 0 to 350 V DC from one sample to the next.
Results

3.3
Carbon Bonding
A solid-state 13 C NMR spectrum of the carbon film obtained from several samples is displayed in Figure 3 
Effects of Process Conditions
Shown in Figure 3 
Adhesion, Wear and Dielectric Strength
The adhesive strength of the DLC coatings, measured by a stud pull test, are shown in Table 3 .2. For Samples A and B, a stainless steel substrate was used, whereas for sample C a silicon substrate was used. When the substrates were not plasma treated, the adhesion ranged from 3650 to 5370 psi. On the other hand, the oxygen plasma treatment of the substrates had an adverse effect, decreasing the strengths 40 to 90%.
After failure, the surfaces of the steel coupons were examined with the SEM, and these results are shown in Coefficient of friction values for DLC deposited on 304L stainless steel coupons were found to be 0.24+0.02, per ASTM G99. It was found that the oxygen plasma treatment prior to deposition had no impact on the coefficient of friction values.
Dielectric strength data was collected from coatings deposited on SS coupons.
The results obtained were inconsistent as one area of the coating would exhibit dielectric strengths greater than 300 V and other area would exhibit zero strength, indicating that a short was immediately detected by the test device. 
Discussion
It has been found that diamond-like carbon can be deposited at low-temperature and atmospheric pressure using a downstream acetylene, hydrogen and helium plasma.
As shown in Figure 3 [38, 63] . The peaks at 138.4 and 127.1 ppm may be associated to unsaturated CH and CH 2 groups, respectively. On the other hand, the broad peak at 38.2 may be assigned to saturated carbon atoms with 1,2 or 3 hydrogen atoms attached.
The ratio of sp 2 to sp 3 carbon bonding was determined to be 43:57. Based on the four classifications of DLC coatings, the material produced in this study may be designated as a-C:H soft. The hardness of a-C:H soft coatings is considered to be <10
GPa with a hydrogen percentage of 40 to 50% [24] .
The results shown in The work presented above is the first successful demonstration of diamond-like carbon deposition using a downstream, low-temperature atmospheric pressure plasma source. Additional work is needed to further improve the process and enhance the properties of the DLC coatings.
Conclusions
The deposition of diamond-like carbon using a low-temperature, atmospheric pressure plasma process is reported for the first time. Using solid-state 
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